Objective: To determine the effects of age and topographic location on gene expression in human neural retina. Methods: Macular and peripheral neural retina RNA was isolated from human donor eyes for DNA microarray and quantitative RT-PCR analyses. Results: Total RNA integrity from human donors was preserved. Hierarchical clustering analysis demonstrates that the gene expression profiles of young, old, macula, and peripheral retina cluster into four distinct groups. Genes which are highly expressed in macular, peripheral, young, or old retina were identified, including inhibitors of Wnt Signaling Pathway (DKK1, FZD10, and SFRP2) which are preferably expressed in the periphery. Conclusion:The transcriptome of the human retina is affected by age and topographic location. Wnt pathway inhibitors in the periphery may maintain peripheral retinal cells in an undifferentiated state. Understanding the effects of age and topographic location on gene expression may lead to the development of new therapeutic interventions for age-related eye diseases.
INTRODUCTION
In the normal human eye the neural retina develops from mesoderm and forms a multilaminated structure with highly specialized functions for light detection and signal processing (Ye et al., 1999) . During retinal aging, neuronal components of retina develop structural and functional changes that can adversely affect retinal function. Examples of age-dependent diseases of the retina include glaucoma and age-related macular degeneration (AMD), in which structural changes leading to visual loss develop in ganglion cells or outer retina, RPE, and choriocapillaris (Nag et al., 2006) . The human macula, which is an anatomic region approximately 6 mm in diameter delineated by the optic nerve and the superior and inferior temporal vascular arcades, is adversely affected in AMD (Hornan et al., 2007) . As a disease AMD is characterized by cellular changes in RPE, choriocapillaris, and outer retina and by structural changes in Bruch's membrane (Del Priore and Tezel, 1998; Spraul et al., 1999) . Cellular changes that occur in AMD include atrophy of the RPE, choriocapillaris, and outer retina in non-exudative AMD as well as the development of choroidal or intraretinal neovascularization in exudative AMD (Chader, 2002) . Ultimately some changes in cellular behavior may be initiated by or reflected in alterations in the gene expression profile of the cells (Radeke et al., 2007; Chen et al., 2008; Kurji et al., 2009; Stadler and Come, 2009) . A systematic comparison of the gene expression profiles of young vs. older neural retina is thus important, as analysis of the retinal transcriptome may allow us to define a role for some genes in either initiating or responding to the cellular changes that occur in age-dependent diseases such as AMD. Topographic location may also affect gene expression profiling, since some diseases such as AMD affect the macula and periphery differently (van Soest et al., 2007) .
To this end we have compared the gene expression profiles of young vs. old human neural retina, using both macular and peripheral neural retinal explants. In essence, macular and peripheral neural retinas were harvested from young and older human donor eyes and the retinal gene expression profiles were determined using the Affymetrix DNA microarray chip U133 plus 2. We were able to test the expression profile of 54,600 gene probes and determine genes whose expression level (mRNA) was altered by temporal (young vs. older) or spatial (macular vs. peripheral) factors. Knowledge of the function of genes with an altered expression profile may provide insight into the role of age-related changes in gene expression in the pathogenesis of human ocular disease.
MATERIALS AND METHODS

PREPARATION OF ADULT HUMAN RETINAL TISSUES
Twelve human donor eyes without recorded eye disease history from the National Disease Research Interchange (NDRI, Philadelphia, PA, USA) ranged in donor age from 18 to 79 years. Eyes were separated into a younger (18, 21, 32, 32, 35, and 43-year-old Frontiers in Aging Neuroscience www.frontiersin.org Frontiers in Aging Neuroscience www.frontiersin.org cadaver donors) and older (72, 74, 74, 74, 75 , and 79-year-old cadaver donors) age group. All donor eyes were enucleated within 10 h of death and processed in the lab within 32 h of death (Table 1) . Since the study involved postmortem tissue without identification of individual patients it was exempt from Institutional Review Board (IRB) approval. Upon receipt in the laboratory, eyes were cleaned of extraocular tissue. The eyes were placed in carbon dioxide-free media (Gibco, Grand Island, NY, USA) and an incision was made through the sclera 3 mm posterior to the limbus and extended circumferentially. Four radial incisions were FIGURE 1 | Ratio of the 3 and 5 signal obtained from human house keeping gene GAPDH using microarray. Study was performed to assess mRNA quality isolated from human donor eyes. Young samples and older samples are presented in order of donor age for both macular and peripheral samples. There is no correlation between donor age and signal ratio. The average of 3 /5 signal ratio of all samples is 1.152 ± 0.07, which denotes good quality.
then made through the sclera and the sclera was peeled away. A full-thickness circumferential incision was made 1 mm posterior to the ora serrata; the anterior segment; and vitreous were removed and discarded. The posterior pole of each eyecup was inspected visually with direct and retroillumination under a dissecting microscope and globes were discarded if there was any evidence of subretinal blood, extensive drusen, or irregular pigmentation of the macular RPE. The choroid-Bruch's membrane-RPE complex was removed after trimming its attachment to the optic nerve using forceps, leaving the intact human retina as a flat mount. After rinsing three times with cold Dulbecco's Phosphate Buffered Saline (PBS) the macular retina was isolated from each eye using a 5-mm circular punch; a 5 mm punch of peripheral retina was then obtained by trephination of a circular region whose posterior border was at least 10 mm away from the macular punch. Cut tissues were rinsed again and stored at −80˚C prior to isolating RNA. Twelve pairs of eyes from human donors were independently (not pooled samples) used for DNA microarray study; given the expense and availability of human tissue, similar small sample sizes have been used in the past to generate important data on gene expression in human tissue (Wistow et al., 2002; Chowers et al., 2003; Hollborn et al., 2005) . Four additional retinal explants (donor age 34, 38, 78, and 81), independent of the samples used in the DNA microarray studies, were also harvested for confirmatory qRT-PCR (quantitative reverse transcriptase polymerase chain reaction) using independent samples (not pooled, Table 1 ).
ISOLATION OF TOTAL RNA
Human macula and peripheral retina were taken from a −80˚C freezer and total RNA was isolated and purified using a Qiagen RNeasy Mini Kit according to manufacturer's instructions as described previously Gong et al., 2008) . Briefly, retinal tissue was disrupted and 600 μl of lysing buffer (RLT) was added to cells in a 1.5-ml microfuge tube. The cell lysate was loaded onto a QIAshredder spin column and spun for 2 min at 13,000 rpm. The homogenized lysate was then mixed FIGURE 3 | Death-to-RNA-Extraction time vs. GAPDH 3 /5 ratio in macular tissue. Data shows no correlation between enucleation time and the quality of RNA (the closer the ratio is to 1, the better the RNA quality) within the 31.5 h death-to-RNA-extraction time.
FIGURE 4 | Hierarchical clustering analysis of retinal samples shows old and young retina (macular and peripheral) cluster separately, suggesting that aging changes the expression profile more than location (macula vs. periphery). Young macular and peripheral samples were from different individuals for this analysis. Likewise older macular and peripheral samples were from different individual donors.
with 600 μl of 70% ethanol and applied to an RNeasy mini spin column and centrifuged for 15 s at 13,000 rpm. The specimen was then washed twice by adding 700 μl of Buffer RW1 and Buffer RPE, with subsequent spinning. Sixty microliters RNase-free water was used to elute total RNA from an RNeasy column. Approximately 8 μg of total RNA were extracted from macular and peripheral tissues (one punch each) of one pair of donor eyes. The quality of total RNA was assessed with the RNA denaturing agarose gel electrophoresis and microarray assay (see below).
DNA MICROARRAY EXPERIMENTS
A T7-(dT)24 oligomer, superscript reverse transcriptase II and DNA Polymerase I (Gibco BRL) were used for first-strand and second-strand cDNA synthesis using 5 μg of total RNA as templates for each sample. Double-stranded cDNA was cleaned with Phase Lock Gels-Phenol/Chloroform extraction and ethanol precipitation. Biotin-labeled antisense cRNA was produced by an in vitro transcription reaction (ENZO BioArray High Yield RNA Transcript Labeling Kit) and incubated with fragmentation buffer (Tris-acetate, KOAc and MgOAc) at 94˚C for 35 min. Target hybridization, washing, staining, and scanning probe arrays were done following an Affymetrix GeneChip Expression Analysis Manual. All human retinal samples are processed with individual microarray chips independently. The data then averaged/pooled for analysis and compared (MIAME accession # GSE32614).
QUALITY CONTROLS, DEFINITIONS OF GENE PRESENCE OR ABSENCE AND STATISTICAL ANALYSIS
For assessing the quality of retinal RNA, 1% agarose gel with 0.22 M formaldehyde was used for RNA electrophoresis. One microgram of total RNA isolated from peripheral retinal samples was mixed with 2× loading buffer (Fisher Scientific) and run with 1× MOPS [3-(N -morpholino) propanesulfonic acid] buffer (Fisher Scientific). After ethidium bromide staining RNA bands were visualized with a UV transilluminator and 28S and 18S rRNA band patterns were analyzed. For quality control the U133 plus 2 DNA microarray chips (Affymetrix, Santa Clara, CA, USA) used include housekeeping gene probes to measure the consistency of the hybridization signals from their 3 , middle, and 5 fragment of these mRNA coding regions (Hubbell et al., 2002) . Gene expression analyses, including global normalization, scaling, and Gene Ontology analysis were performed using the Affymetrix Expression Console (Ver. 1.1.) and GeneSifter Genetic Analysis system (Geospiza, Inc., Seattle, WA, USA). For the purpose of this study, gene expression was labeled as being differentially expressed if they were detected as present in the samples compared (i.e., young vs. old or macula vs. peripheral retina), had expression levels >50 in densitometry, and there was at least 2.0-fold difference in expression level that was statistically significant (p < 0.05 with Benjamini and Hochberg adjusted Student's t -test; Benjamini et al., 2001 ). We calculated a z-score to determine the relative gene expression changes (Doniger et al., 2003) and thereby identify biological processes, cellular components, and molecular group functions of those genes that warrant further study (Ashburner et al., 2000) .
REAL TIME QUANTITATIVE RT-PCR
Real time Quantitative RT-PCR (qRT-PCR) was performed on retinal samples harvested from different donors (ages 34, 38, 78, and 81 years) than those used to generate the microarray data ( 
Genes highly expressed (up-regulated) in macular compared to peripheral retina (all ages). For changes in gene expression level we used a cutoff of >2.0-fold higher expression level in macular vs. peripheral retina (p < 0.05, Benjamini and Hochberg adjusted Student's t-test; expression level >50 on densitometry).These genes have a wide array of functions, including lipid metabolism, ion transport, neuronal differentiation and regulation of transcription, cell adhesion and motility, and differentiation.
used for real time quantitative RT-PCR. An RNA Amplification Kit SYBR Green I (Roche Molecular Biochemicals, Mannheim, Germany) was used to synthesize the first-strand cDNA and subsequent amplification using gene specific primers ( Table 2) . The PCR reaction solution contains 0.5 μg of total RNA, 6 mM MgCl 2 , and 0.5 μM of each primer. Other components in qRT-PCR master mix contain buffer, enzyme, SYBR green and dNTP. For reverse-transcription, reaction capillaries containing 20 μl RT-PCR reaction mix were incubated at 55˚C for 10 min, followed by incubation at 95˚C for 30 s. qRT-PCR was performed using an initial denaturation for 1 s at 95˚C, followed by 35 cycles of denaturation for 1 s at 95˚C, annealing for 10 s at 55˚C, and extension for 13 s at 72˚C in a programmable LightCycler. A melting curve analysis was performed by following the final cycle with incubation at 95˚C for 1 s, 65˚C for 10 s, followed by a temperature transition rate of 20˚C/s to reach 95˚C. Negative controls for the qRT-PCR analysis, which contained all reaction components except for RNA, were performed simultaneously to determine when the non-specific exponential amplification cycle number was reached.
RESULTS
SAMPLE QUALITY CONTROL ASSESSMENT
To determine the quality of the RNA isolated from human eyes, we determined the ratio of the 28S and 18S bands in the isolated RNA. The intensity ratio of 28S/18S was approximately 2.0: 1 without any significant smearing of the leading edges of either band (Data not shown). In addition a quality control analysis was performed using the hybridization signals from 3 , middle, and 5 fragment of mRNA of endogenous housekeeping genes and exogenous "spiking" genes coded in the Affymetrix DNA chips (Hubbell et al., 2002; Archer and Guennel, 2006) . All 24 samples passed the pre-established quality control criteria, which was detection of signal from each of the control genes (Figure 1) . To exclude any potential bias due to differences in handling of young vs. older tissue, we demonstrated that there was no correlation between donor age and death-to-enucleation time (Figure 2A) or death-to-RNA-extraction time ( Figure 2B ). In addition, there was no correlation between the 3 /5 ratio for the housekeeping gene GADPH and the death-to-RNA-extraction time (Figure 3 ).
GLOBAL AND HIERARCHICAL CLUSTERING ANALYSIS
We detected the expression of approximately 26,700 gene probes out of 54,600 gene probes present on the Affymetrix Human Genome U133 plus 2 chip. There was no statistically significant difference in the total number of genes expressed between human young macula (26686 ± 319), old macula (26956 ± 275), young peripheral retina (27122 ± 108), or old peripheral retina (26533 ± 490; data not shown). There was also no statistically significant difference in the standard deviations of the number of genes expressed among these four groups (F -test, p > 0.05). Hierarchical clustering analysis of 24 samples showed that the transcriptome of the older macula and peripheral retina cluster together and young macula and peripheral retina cluster together as well (Figure 4) , suggesting that there is a significant effect of aging on the gene expression profile of the human neural retina.
GENE EXPRESSION ANALYSIS
There are 81 genes among approximately 26,700 gene probes that are expressed at higher levels ( definition described above. These genes have a wide array of functions, including lipid metabolism, ion transport, neuronal differentiation and regulation of transcription, cell adhesion and motility, and differentiation. There are 24 genes expressed at higher levels (Table 4) in the peripheral vs. macular retina (combining all age groups). These genes include those that are involved in the Wnt receptor signaling pathway, including DKK1 (Dickkopf homolog 1), FZD10 (frizzled homolog), and SFRP2 (secreted frizzled-related protein; Table 4 ; Robitaille et al., 2002; Kubo et al., 2003; Liu et al., 2007) . Aging alters the expression profile of numerous genes within the human macula. There are 85 genes that were expressed at higher levels (Table 5) in young macula compared to older macula. This includes genes with a diverse range of functions, including cell metabolism, cell regulation, development, and other cellular processes ( Figure 5A ). There are 55 genes that were expressed at higher levels (Table 6) in older compared to younger human macula. This includes genes with a wide role in cell proliferation, survival, and differentiation ( Figure 5B) .
There are 52 genes that were expressed at higher levels ( Table 7 ) in younger peripheral vs. older peripheral retina. There are 34 genes that were expressed at higher levels ( 
Student's t-test; expression level >50 on densitometry). Note that the expression level of genes known to be important for retinal survival/protection such as X-linked inhibitor of apoptosis (XAF1), Cadherin (CDH8), PTK2 protein tyrosine kinase (PTK2), and brain-derived neurotrophic factor (BDNF) decrease in the aging retina.
high z-scores (Doniger et al., 2003) are grouped with ontology ( Figures 5C,D) .
SELECTIVE QUANTITATIVE RT-PCR
We then performed semi-quantitative RT-PCR on several selected genes that were altered in the microarray data that had played a role in retinal survival, cellular apoptosis, or were involved in the Wnt pathway. These genes code for the X-linked inhibitor of apoptosis (XAF1, Renwick et al., 2006) , cadherin 8 (CDH8, Chen and Ma, 2007) , protein tyrosine kinase-2 (PTK2, Finnemann, 2003), brainderived neurotrophic factor (BDNF, Wilson et al., 2007) , nuclear receptor co-repressor 2 (NCOR2, Tsai et al., 2004; Jepsen et al., 2007) , chloride intracellular channel 4 (CLIC4, Chen et al., 2004) , DKK1, FZD10, and SFRP2 (Robitaille et al., 2002; Kubo et al., 2003; Liu et al., 2007) . In all cases, the changes in expression level detected with the microarray data are in the same direction (i.e., up or down) as the changes in expression level detected by qRT-PCR. There is reasonable agreement between the relative expression level of each of these genes when comparing younger vs. older samples as detected by microarray data and qRT-PCR ( Table 2) .
DISCUSSION
We have used the Affymetrix DNA microarray chip U133 plus 2 to study the gene expression profile of the human retina as a function of age and topographic location (macula vs. peripheral retina). We were able to confirm the microarray findings with qRT-PCR of selected genes. There is some variation in the exact relative expression level between qRT-PCR and microarray data, but in every case, the relative expression levels using the microarray data and qRT-PCR were always in the same direction ( Table 2) . We were able to detect the presence of approximately 26,700 out of 54,600 gene probes present on the Affymetrix Human Genome U133 plus 2 chip in all four groups; namely, young macula, young periphery, older macula, and older periphery. The number of gene probes that we detected in human retina is about 10,000 more than those reported in RNA extracted from human retinal ganglion cells (Kim et al., 2006) . This was probably due to the fact that our samples contained multiple retinal cell types. A priori we reasoned that aging of the macula and/or periphery might increase either the number of genes expressed throughout the retina or the variation in the number of genes expressed in older peripheral vs.
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www.frontiersin.org macular samples; however, there was no significant difference in the average number or standard deviation of the number of genes expressed in young vs. older macular or peripheral samples (data not shown). Hierarchical clustering analysis is a statistical technique used to sort heterogeneous samples into several distinct groups that contain genes with similar expression patterns (Eisen et al., 1998; Krajewski and Bocianowski, 2002) . Clustering analysis suggests that aging changes the expression profile more than the location of retina (macular vs. peripheral; Figure 4) . To circumvent the possibility that the macula from a donor is simply clustering with the periphery from the same donor, this analysis was repeated with a smaller subset of eyes so that young macula and young peripheral samples were obtained from unrelated individuals, as were young and old peripheral samples. This did not alter the clustering pattern seen in Figure 4 (data not shown).
Previous authors have also sought to determine the retinal gene expression profile as a function of age in both macular and peripheral retina using smaller sample sizes (Yoshida et al., 2002; Hornan et al., 2007; Ben-Shlomo et al., 2008) . Yoshida et al. developed gene expression profiles of young and elderly human retinas using microarray slides containing 2400 human genes that were primarily neuronal. More than 50% hybridized to the retinal cDNA targets. Northern blot analysis and qRT-PCR results confirmed the changes in expression in 8 of 10 genes examined, including an increase in IFN-responsive transcription factor subunit (ISGF3G), creatine kinase B (CKB), and pancreatic amylase (AMY2A), and a decrease in TGF-beta receptor interacting protein 1 (TRIP1), LPS-induced TNF-alpha factor (PIG7), alpha-1 (E)-catenin (CTNNA1), ubiquitin hydrolase (USP9X), GABA receptor beta-3 subunit (GABRB3), and alpha-1 Type VII collagen (COL7A1). Hornan et al. compared the expression profile of cone-rich macular vs. rod rich peripheral retina using 2-4 mm retinal punches from human retina, and demonstrated that macula transcripts were enriched for nuclear pore complex interacting protein (NPIP) and eukaryotic translation initiation factor 2 alpha kinase (GCN2), with these protein products being detected in cone outer segments. Ben-Shlomo et al. examined the gene expression profile over the first 20 weeks of life in rat retina dissected during the first 20 weeks of life at 2 different time points and identified 603 differentially expressed genes, which were grouped into six clusters based on changes in expression levels during the first 20 weeks of life. A bioinformatic analysis of these clusters revealed sets of genes encoding proteins with functions relevant to retinal maturation, such as potassium, sodium, calcium, and chloride channels, synaptic vesicle transport, and axonogenesis. Schippert et al. (2009) compared the expression profile of wild type and Egr-1 knockout mice, which have longer eyes and a more myopic refractive error compared to their wild-types. Changes in expression were confirmed in four genes by RT-PCR, including nuclear prelamin A recognition factor (Narf), oxoglutarate dehydrogenase (Ogdh), selenium binding protein 1 (Selenbp1),
www.frontiersin.org and Pcdhb9. Glenn et al. (2009) showed that glycation of the basement membrane causes a significant reduction in cathepsin-D activity in ARPE-19 (p < 0.05) and an increase in lipofuscin accumulation (p < 0.01). Chen et al. (2008) compared the transcriptional profiles of the RPE/choroid from young and old mice. There were 315 genes differentially expressed with age; most of these genes were related to immune responses and inflammatory activity. There was increased gene expression and protein levels of leukocyte attracting signal, chemokine ligand 2 (Ccl2) in aged RPE/choroid. These studies cover a wide range of conditions, including using different array chips, and comparing young vs. old, and macula vs. peripheral, in several species, including humans. Despite these differences, our data ( Tables 3, 4 (heterogeneous nuclear ribonucleoprotein F) and ENO3 (Muscle specific enolase) in older retina; (Yoshida et al., 2002) higher expression levels of RHO (rhodopsin) in periphery; and higher expression levels of HDAC9 (histone deacetylase 9) and SRGAP2 (Rho GTPase activating protein 2) in the macula (Hornan et al., 2007) . It is interesting to note that there are only 24 genes expressed at higher levels in the periphery vs. macular retina and 3 of these genes (namely, DKK1, FZD10, and SFRP2) encode for protein products that inhibit the Wnt receptor signaling pathway (Table 4) . There are three major types of inhibitors of this pathway in Xenopus that have human homologs, including the secreted frizzledrelated proteins (sFRPs; Melkonyan et al., 1997) , Wnt-inhibitory factor-1 (WIF-1; Hsieh et al., 1999) , and Dickkopf (DKK), which also includes four known human proteins DKK1-4 (Krupnik et al., 1999) . Wnt ligands belong to a highly conserved family of oncogenes expressed in species ranging from the fruit fly to man (McMahon and Moon, 1989; Busse and Seguin, 1993; Magee, 1995) . Wnt signaling controls many events during embryogenesis and exerts significant regulation of cell morphology, proliferation, motility, and cell fate (Parr and McMahon, 1994; Siegfried and Perrimon, 1994; Turnbull et al., 1995) . Inappropriate activation of the Wnt signaling pathway has been observed in several human cancers (Spink et al., 2000) . Inhibition of the Wnt pathway is correlated with preventing cells from moving into a regenerative state, and Wnt signaling is important in transdifferentiation of ciliary margin stem cells into neural retina at the ciliary marginal zone (Robitaille et al., 2002; Kubo et al., 2003; Liu et al., 2007) . Addition of Wnt3a to cultures of ciliary margin cells increased the number of proliferating cells and allowed the cells to maintain their multilineage potential (Inoue et al., 2006; Liu et al., 2007) . Wnt signaling may provide a therapeutic strategy for in vitro expansion or in vivo activation of adult retinal stem cells (Inoue et al., 2006; Liu et al., 2007) . Our observation that DKK1, FZD10, and SFRP2 are expressed at higher levels in the peripheral retina than those in macular retina (Table 4) suggests that there is inhibition of the Wnt signaling pathway in the periphery compared to the macular human retina. A potential strategy for cell replacement in retinal disorders, including retinitis pigmentosa (Pruett, 1983; Smith et al., 2009) , is to activate this pathway in the peripheral retina and ciliary marginal zone.
We were able to detect genes whose expression levels change with aging of the human neural retina, and many of these genes appear to be related to cell growth, proliferation, and survival. For instance, aging decreases the expression level of genes known to be important for retinal survival/protection such as X-linked inhibitor of apoptosis (XAF1), Cadherin (CDH8), PTK2 protein tyrosine kinase (PTK2), and BDNF. Aging increases the expression of genes related to aging and apoptosis, such as genes coding for the nuclear receptor co-repressor 2 (NCOR2) and chloride intracellular channel 4 (CLIC4; Tables 2, 5, and 6). These changes may explain the increasing susceptibility of the human retina to Frontiers in Aging Neuroscience www.frontiersin.org for altering retinal gene expression Han et al., 2007) . Our gene ontology analysis (Wu et al., 2006; Noel et al., 2007; Grigoryev et al., 2008) reveals genes whose expression levels change during retina aging are involved in cellular metabolism, regulation of the cell cycle, cell adhesion, and other biological pathways (Figure 5) . Interestingly, up-regulated genes involved with cell growth were detected only within younger macula and peripheral retina (Figures 5A,C) but not in older macula and peripheral retina (Figures 5B,D) .
We recognize that an intrinsic limitation of using human tissue is the potential RNA degradation that can occur between death and RNA isolation; in our view this limitation is counterbalanced by the fact that the value of data obtained from human retina cannot be replaced by other means. Several facts suggest that retinal RNA can be relatively stable between death and RNA isolation within the time frame we used. First, Malik et al. (2003) conducted an RNA stability study on neural retina and RPE and concluded that the RNA from neural retina was stable up to 48 h after death. In the current study we used a cutoff of 32 h for the death-to-RNA harvesting time, which is within the period of time that retinal RNA is stable. Although proteins and RNA degrade by different mechanisms, there is also tremendous stability of the retinal proteome after harvesting, as there was no significant time-dependent change in intensity for >95% of retinal proteins examined up to 48 h postmortem (Ethen et al., 2006) . Second, we measured the relative intensity of the 28S and 18S RNA bands and demonstrated that there was no significant RNA degradation at the time of RNA isolation (data not shown). Third, we demonstrated that there is no significant degradation of the signal from housekeeping genes, as revealed by the stability of the hybridization signals from 3 , middle, and 5 fragment of mRNA of housekeeping genes coded in the Affymetrix DNA chips (Figures 1 and 3) . Fourth, we did not introduce any bias by handling younger and older tissue differently, as there is no correlation between donor age and either death-to-enucleation or death-to-RNA isolation time (Figure 2) .
There are other potential limitations to our study. First, it is likely that there is significant patient-to-patient variation in gene expression profiling, particularly since our samples may include patients with normal eyes as well as patients with age-related disease or dysfunction. Second, we harvested full-thickness human retina for this analysis. Thus, mixed retinal cell types were present within our full-thickness retinal punches. Additional studies are necessary and planned to determine which cell(s) contribute to the changes in gene expression seen here. Third, there is incomplete correlation between the transcriptome and proteomics of many tissues (Hack, 2004; Baginsky et al., 2005; Cox et al., 2007; Fagan et al., 2007; Hesketh et al., 2007; Dihal et al., 2008) . Additional studies are necessary to determine the effects of aging and topographic location on retinal proteomics. Fourth, our study does not consider the effects of aging and/or topographic location on posttranslational protein modification; these effects have been shown to be significant in other ocular tissues, including lens (Takemoto and Gopalakrishnan, 1994) . As with any other gene expression studies we cannot discern whether the gene expression changes that we observe are primary or secondary. Despite these limitations we have obtained important information on changes in the gene expression that occur in aging human retina. Additional studies are required to determine the role of specific alterations in the transcriptome in the pathogenesis of age-related ocular diseases such as AMD.
